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Abstract 

FPR and FPRL1 belong to the seven-transmembrane, G protein-coupled chemoattractant receptor superfamily. Because of 
their capacity to interact with bacterial chemotactic formylated peptides, these receptors are thought to play a role in host defense 
against microbial infection. Recently, a variety of novel agonists have been identified for these receptors, including several 
host-derived endogenous molecules that are involved in proinflammatory responses. Most notably is the use of FPRL1 by at least 
three amyloidogenic protein and peptide ligands, the serum amyloid A (SAA), the 42 amino acid form of p amyloid (Ap 42 ), and 
the prion peptide PrP106-126, to chemo attract and activate human phagocytic leukocytes. These new findings have greatly 
expanded the functional scope of the formyl peptide receptors and call for more in-depth investigation of the role of these 
receptors in pathophysiological conditions. © 2001 Published by Elsevier Science Ltd. 

Keywords: Formyl peptide receptors; Signal transduction; HIV-1; Alzheimer's disease 



Contents 



1. Introduction 92 

2. Molecular and cellular biology of formyl peptide receptors 92 

3. Ligands for formyl peptide receptors 93 

3.1. Agonists 93 

3.2. Antagonists 94 

4. Molecular basis of fMLF receptor activation 94 

4.1. Signal transduction 94 

4.2. Structure-function of fMLF receptors 95 

4.3. G protein coupling of FPR 96 

4.4. FPR phosphorylation, homologous desensitization, and internalization 96 

5. The pathophysiological role of A^-formyl peptide receptors 97 

5.1. Involvement of formyl peptide receptors in host defense 97 

5.2. The role of FPR/FPRL1 in HIV-1 infection 97 

5.3. The role of formyl peptide receptors in amyloidosis and neurodegenerative diseases ... 98 

6. Conclusions 100 

Acknowledgements 100 

References 100 



Abbreviations: Ap, amyloid p peptides; AD, Alzheimer's disease; fMLF, A^-formyl-methionyl-leucyl-phenylalanine; FPR, formyl peptide 
receptor; FPRL1, formyl peptide receptor like 1; GCPRs, G protein-coupled receptors; HIV-1, human immunodeficiency virus type 1; PTX, 
pertussis toxin. 

* Corresponding author. Tel.: 4- 1-301 846 5454; fax: + 1-301 846 7042.. 
E-mail address: ley@mail.ncifcrf.gov (Y. Le). 



1359-6101/01/$ - see front matter © 2001 Published by Elsevier Science Ltd. 
PII: S1359-6101(01)00003-X 



92 



Y. Le et ah / Cytokine & Growth Factor Reviews 12 (2001) 91-105 



1. Introduction 

Leukocyte recruitment at the sites of inflammation 
and infection is dependent on the presence of a gradient 
of chemotactic factors or chemoattractants. Over the 
past 25 years, numerous chemoattractants have been 
identified, which include the 'classical' chemoattractants 
such as vV-formyl-methionyl-leucyl-phenylalanine 
(fMLF), activated complement component 5 (C5a), 
leukotriene B 4 (LTB4) and platelet- activating factor 
(PAF) [1-3], and a superfamily of chemokines [4-6]. 
Both classical chemoattractants and chemokines acti- 
vate seven-transmembrane, G protein-coupled receptors 
(GPCRs) expressed not only on cells of hematopoietic 
origin, but also on other cell types. Synthetic fMLF was 
one of the first identified and highly potent leukocyte 
chemoattractants. Natural fMLF was subsequently 
purified and identified in supernatants of gram negative 
bacteria [7-9]. After binding to the high-affinity formyl 
peptide receptor (FPR), fMLF activates phagocytic 
leukocytes through a pertussis toxin (PTX) sensitive G 
protein-mediated signaling cascade, to increase cell mi- 
gration, phagocytosis, and release of proinflammatory 
mediators. Activation of FPR by fMLF subsequently 
also interferes with cell response to a number of unre- 
lated chemoattractants via heterologous receptor desen- 
sitization [10-12]. Two other homologs of FPR have 
been identified, one of which, formyl peptide receptor 
like 1 (FPRL1), is functional, whereas no ligands have 
been identified as yet for formyl peptide receptor like 2 
(FPRL2). 

Recently, a wide variety of novel agonists and antag- 
onists have been identified for FPR and its variant 
FPRL1, including peptide domains derived from HIV-1 
envelope proteins, small synthetic peptides selected 
from random peptide libraries, and host-derived pep- 
tide or lipid agonists. Enormous amounts of informa- 
tion have been generated regarding the 
structure -function, signal transduction, and potential 
role of these receptors in pathophysiological conditions. 
This review is aimed at summarizing some recent pro- 
gress in the study of formyl peptide receptors. The 
readers are also referred to excellent review articles by 
several experts in formyl peptide receptor research 
[13,14]. 



2. Molecular and cellular biology of formyl peptide 
receptors 

All three genes, FPR, FPRL1 and FPRL2, are clus- 
tered on chromosome 19ql3.3. FPR is encoded by a 6 
kb single copy gene [15-17]. the open reading frame is 
intronless but the 5' untranslated region resides in three 
exons. The start sites for transcription and translation 
are separated by approximately 5 kb. The FPR gene 



contains three Alu repeats, one in each intron and a 
third in the 3' flanking region. The proposed promoter 
contains a nonconsensus TATA box and an inverted 
CCAAT element. The cellular distribution of FPR is 
not restricted to phagocytic leukocytes as originally 
proposed. Expression of FPR has been detected in 
hepatocytes, dendritic cells, astrocytes, microglia cells, 
and the tunica media of coronary arteries [18-22]. 
Becker et al. [23] showed that FPR or an antigenically 
similar receptor is located in a number of human tissues 
and organs, including secretory cells in the thyroid, 
adrenals and other glands, the liver, the central nervous 
system, and neurons in the autonomic nervous system. 
FPR is also expressed in neutrophils of non-human 
primates [24] and rodents [25-27]. In primates, the 
sequence of FPR is highly conserved [24], while rabbit 
and mouse FPR share 78 and 76% identity with human 
FPR, respectively, [26,27]. 

FPRL1 and FPRL2 genes were isolated by low-strin- 
gency hybridization with the human FPR cDNA probe. 
FPRL1 [28] is also referred to as FPR2 [29], or FPRH1 
[30], and was initially defined as an orphan receptor. It 
possesses 69% identity at the amino acid level with FPR 
[31,32]. Functionally, FPR is activated by picomolar to 
low nanomolar concentrations of fMLF, and is there- 
fore also identified as the high-affinity fMLF receptor. 
On the other hand, FPRL1 is considered a low-affinity 
fMLF receptor based on observations that high concen- 
trations of fMLF could elicit only Ca 2 + mobilization 
but not chemotaxis through this receptor [29,33]. Com- 
pared to FPR, FPRL1 is expressed in a even greater 
variety of cell types in addition to phagocytic leuko- 
cytes, including hepatocytes, epithelial cells, T 
lymphocytes, astrocytoma cells, neuroblastoma cells, 
and microvascular endothelial cells [[14,21,29,34], and 
data not shown]. The FPRL2 gene encodes a putative 
protein with 56% amino acid sequence identity to hu- 
man FPR and 83% to FPRL1 [30]. FPRL2 gene is 
expressed in monocytes but not in neutrophils. Unlike 
FPR and FPRL1, expression of FPRL2 in Xenopus 
oocytes did not result in a response to fMLF [33], and 
the nature of the agonist(s) for this receptor remains 
unclear. 

Gao et al. [35,36] cloned six distinct mouse genes, 
designated Fprl and Fpr-rsl through Fpr-rs5, which 
form a cluster on chromosome 17 in a region of con- 
served synteny with human chromosome 19. Fprl en- 
codes a functional receptor mFPRl and is believed to 
be the ortholog of human FPR. Fpr-rsl and Fpr-rs2 
are most similar to human FPRL1 (75% nucleotide 
identity in the open reading frame), whereas the other 
three genes show lower sequence homology to human 
FPRL1 and lack human counterparts. Fpr-rsl and 
Fpr-rs2 genes were detected in leukocytes, spleen, and 
lung, whereas Fpr-rs3 gene was detected only in skeletal 
muscle. In contrast, Fpr-rs4 and Fpr-rs5 mRNA were 



Y. Le et ah / Cytokine & Growth Factor Reviews 12 (2001) 91-105 



93 



not detectable in any tissues tested. Moreover, Fpr-rs5 
has a stop codon in the coding region corresponding to 
the transmembrane domain VI and may not encode a 
functional receptor. These results suggest that the FPR 
gene cluster has undergone differential expansion in 
mammals, which may imply functional divergence of 
the encoded receptors in human versus mouse. 



3. Ligands for formyl peptide receptors 

3.1. Agonists 

In addition to bacterial fMLF, a number of synthetic 
peptides have been shown to activate FPR and FPRL1. 
The early assumption that an yV-formyl group was 
essential for optimal agonist potency has been chal- 
lenged by findings that non-formylated peptides also 
chemo attract and activate phagocytes through fMLF 
receptor(s) [13,14]. Recent studies continue to identify 
additional protein and peptide agonists that activate 
fMLF receptors. For instance, WKYMVm, a hexapep- 
tide modified based on a sequence isolated from a 
random peptide library, was initially reported to be a 
very potent stimulant of several human leukocytic cell 
lines as well as peripheral blood neutrophils [37-39]. 
We found that this peptide uses both FPR and FPRL1 
to stimulate phagocytes with a higher efficacy for 
FPRL1 [40]. Another peptide library derived sequence 
named MMK-1 is a potent and very specific agonist for 
FPRL1 [41, and our unpublished data]. These results 
suggest that construction and screening of peptide li- 
braries may yield biologically active molecules that 
interact with specific receptors on the cell surface. 

HIV-1 envelope proteins have also been found to 
contain domains that interact with formyl peptide re- 
ceptors. Among those, three peptide domains derived 
from HIV-1 gp 41, namely T20/DP178, T21/DP107 and 
N36 (Fig. 1), are potent chemotactic agonists for fMLF 
receptors. While T20/DP178 specifically activates FPR 
[42], T21/DP107 uses both FPR and FPRL1 with 
higher efficacy on FPRL1 [43]. On the other hand, N36, 



which partially overlaps the sequence of T21/DP107 
(Fig. 1), uses only FPRL1 as a functional receptor [44]. 
Two peptide domains in the HIV-1 envelope gpl20 are 
specific agonists for FPRL1 [12,45], including a 20 
amino acid peptide domain (F peptide) in the C4-V4 
region of gpl20 (HIV-1 LAI), and a 33 amino acid 
peptide (V3 peptide) derived from a linear sequence of 
the V3 region (HIV-1 MN) (Fig. 1). 

In addition to numerous exogenous agonists, impor- 
tant progress has been made in the last few years in 
identifying host-derived molecules that interact with 
fMLF receptors. Previously, mitochondrial formylated 
peptides were found to be chemotactic for neutrophils 
and were postulated to use fMLF receptor(s) [46]. 
However, this has not been confirmed since these pep- 
tides have not been tested directly on cells transfected 
to express a fMLF receptor. Recently, a glucocorticoid 
regulated protein, annexin I (lipocortin I) and its N-ter- 
minal domains were reported to activate FPR by using 
FPR transfected cells [47]. This represented the first 
evidence of an endogenous agonist for FPR. Compared 
to FPR, FPRL1 seems to interact with a greater variety 
of host-derived chemotactic agonists, including the 
acute phase protein serum amyloid A (SAA) [48], the 
42 amino acid form amyloid (3 (Ap 42 ) [49], a prion 
protein fragment PrP106-126 [50], a mitochondria pep- 
tide fragment MYFINILTL derived from NADH de- 
hydrogenase subunit 1 [51], and LL-37, an enzymatic 
cleavage fragment of the neutrophil granule -derived 
cathelicidin [52]. All these molecules are chemotactic 
and elicit proinflammatory responses in human leuko- 
cytes. LL-37 is also an antimicrobial peptide with endo- 
toxin binding and bactericidal activity. SAA, Ap 42 and 
PrP106-126 are endogenous proteins that when aggre- 
gated tend to precipitate and result in amyloid deposi- 
tion in pathologic states such as systemic amyloidosis 
(SAA) [53,54], Alzheimer's disease (A(3 42 ) [55] and prion 
disease (PrP106-126) [56], respectively. In addition to 
interactions with chemotactic protein or peptide lig- 
ands, FPRL1 has also been reported to interact with a 
lipid metabolite lipoxin A4 (LXA4), which was re- 
ported to bind FPRL1 and to apparently transduce an 
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Fig. 1. Schematic representation of FPR and FPRL1 agonists in HIV-1 envelope proteins. The residues are numbered according to their positions 
in gpl60. 
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inhibitory signaling cascade through this receptor 
[57,58]. Consequently, LXA4 was shown to antagonize 
the proinflammatory responses induced not only by 
FPRL1 agonist peptides, but also by mediators such as 
TNF-ot that do not use FPRL1 as a receptor [51]. Table 
1 illustrates the burgeoning number of recently iden- 
tified ligands for formyl peptide receptors. 

It should be pointed out that most of these exoge- 
nous or endogenous agonists do not share significant 
sequence homology with one another or with fMLF, 
and many of them do not contain modifying groups at 
the N-termini. Thus, further studies are required to 
identify the essential motifs on the agonists that are 
involved in receptor interaction. 

3.2. Antagonists 

Due to the potential involvement of fMLF receptors 
in inflammatory responses, identification of receptor 
antagonists is important for further studies of signal 
transduction and development of therapeutic agents. 
Several antagonists have been reported for FPR (Table 
1). Replacement of the formyl group of fMLF with a 
^-butyloxycarbonyl (tBOC) or isopropylureido group 
yields peptides that block the interaction of fMLF with 
FPR [59,60]. The binding of [ 3 H]fMLF and the biolog- 
ical activity of 7V-formyl peptides can be blocked by 
A^-Boc-Phe-Leu-Phe-Leu-Phe-OH (tBoc-FLFLF) and 
isopropylureido-FLFLF with IC 50 values in the range 

Table 1 

Agonists and antagonists of formyl peptide receptors 



Ligands 



FPR 



FPRL1 



Agonists 

Bacterial peptide: 

fMLF 
HIV-1 Env domains: 

T20/DP176 

T21/DP107 

N36 

F peptide 
V3 peptide 
Host-derived agonists: 
LL-37 
SAA 
AP 42 

PrP 106-1 26 
Annexin I 

Mitochondrial peptide 
LXA4 

Peptide library derived agonists: 

W peptide 

MMK-1 
Antagonists 

Boc-FLFLF 

CsH 

Deoxycholic acid (DCA) 
Chenodeoxycholic acid (CDCA) 



+ + + + 



+ + + + 
+ + + 



+ + 
+ + + 



+ + + 
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+ + + 
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of 0.44-3.7 juM. More potent antagonists for FPR have 
been developed that display IC 50 values in the sub- 
micromolar concentrations, making them potentially 
useful for therapeutic purposes [61,62]. A cyclic unde- 
capeptide, cyclosporin H (CsH), is a potent and selec- 
tive FPR antagonist which inhibits fMLF binding to 
leukocytes and abolish FPR mediated cell response to 
fMLF including chemotaxis, Ca 2+ mobilization, GT- 
Pase activation, and release of proinflammatory media- 
tors [63-65]. Deoxycholic acid (DCA) and 
chenodeoxycholic acid (CDCA) have been found to 
block the activation of both FPR and FPRL1 by their 
agonists [66]. DCA and CDCA bind to cell membrane 
and result in a 'steric hindrance' that interferes with 
access of agonists to the formyl peptide receptors. Since 
both DCA and CDCA are components of the bile 
products which are elevated in cholestasis, these en- 
dogenous fMLF receptor antagonists may contribute to 
the suppression of antibacterial responses seen in such 
patients. 



4. Molecular basis of fMLF receptor activation 

4.1. Signal transduction 

Studies in leukocytes and in receptor transfected cell 
lines indicate that FPR mediated cell responses can be 
inhibited by PTX [67-69]. In fact, FPR is functionally 
coupled to PTX-sensitive G proteins Giod, Gia2, and 
Giot3 [70-72]. Spectrofluorometric measurement using 
fluorescein conjugated formyl peptide indicates that the 
assembly of the FPR-G protein complex is rapid, oc- 
curring within a fraction of a second, which may sup- 
port the proposal that a proportion of the receptor 
population may be precoupled to G proteins [73-75]. 
After binding fMLF, FPR transmits signals to hetero- 
trimeric G proteins which rapidly dissociate into a and 
py subunits, resulting in the activation of phospholipase 
C (PLC) [76], and phosphoinositide 3-kinase (PI3K) 
[77,78]. PI3K converts the membrane phosphatidylinos- 
itol 4, 5-bisphosphate (PIP 2 ) into phosphatidylinositol- 
3,4,5-trisphosphate (PIP 3 ). PIP 3 is converted by PLC to 
the secondary messengers inositol trisphosphate (IP 3 ) 
and diacylglycerol (DAG). While IP 3 regulates the mo- 
bilization of Ca 2 + from intracellular stores, DAG acti- 
vates protein kinase C (PKC). Studies with targeted 
gene disruption revealed that PI3Ky is the sole PI3K 
isoform coupled to receptors for several chemoattrac- 
tants including fMLF [79-81]. Other intracellular effec- 
tors in the fMLF receptor signaling cascade include 
phospholipases A 2 and D, mitogen-activated protein 
kinase (MAPK) [82,83], and lyn tyrosine kinase [84]. 
FPR can also couple to Gil, Go, and a PTX-resistant 
G protein Gz as shown by cotransfection experiments 
in HEK293 cells [85]. However, Gz can only replace Gi 
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in inhibiting cAMP accumulation, but not in stimulat- 
ing PLC [85]. High levels of constitutive activation have 
been shown for human FPR [86], with unknown bio- 
logical significance. CsH and Na + are able to stabilize 
FPR in an inactive state [86]. 

The schematic signaling cacade and the biological 
consequences of FPR activation are illustrated in Fig. 
2. Unlike FPR, the information concerning the signal 
transduction pathways utilized by FPRL1 is scarce. It 
has been hypothesized that FPRL1 may share common 
features of signal transduction cascade with FPR based 
on their high level of homology, sensitivity to PTX and 
similarity in biological function. However, the hypothe- 
sis remains to be tested in future experiments. 

4.2. Structure -function of fMLF receptors 

Ligand binding domains on FPR have been exten- 
sively analyzed by receptor chimera and site-specific 
mutation approaches. Chimeras between C5aR and 
FPR suggested the involvement of multiple domains 
of FPR in ligand interaction, including the first, sec- 
ond, and the third extracellular loops. The transmem- 
brane domains in FPR also are implicated in the 
formation of ligand binding structure [87]. Studies 
with chimeric receptors composed of FPR and 
FPRL1 suggested that the first and third extracellular 



loops with adjacent transmembrane domains in FPR 
were essential for high-affinity fMLF binding [88]. 
Using the same chimeric receptor model, Quehen- 
berger et al. [89] identified three noncontiguous clus- 
ters of amino acid residues in the first extracellular 
loop and the adjacent transmembrane domains of 
FPR for high-affinity fMLF binding. By mutating 
charged residues in the proximity of the membrane 
interface of FPR, Lala et al. [90] found that Arg 84 
and Lys 85 in the second extracellular loop, Grg 163 and 
Arg 205 in the third extracellular loop, and Asp 284 in 
the fourth extracellular loop are important for fMLF 
binding and cell activation. It appears that most ex- 
tracellular and transmembrane regions of FPR have 
been implicated in the high affinity binding of 7V-for- 
myl peptides. 

In order to address how FPRL1 could recognize 
both peptide agonists and the lipid ligand LXA4, 
Chiang et al. [51] generated chimeric receptors with 
sequences from FPRL1 (also termed LXA4 receptor) 
and LTB4 receptor. It was shown that 7V-glycosyla- 
tion is essential for recognition of peptide ligands, but 
not LXA4, by FPRL1. Moreover, the seventh 
transmembrane segment and adjacent regions in 
FPRL1 are essential for LXA4 recognition, but addi- 
tional regions of FPRL1 are required for high affinity 
binding of peptide ligands [51]. 
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Fig. 2. Schematic signaling pathways of activated FPR. Upon agonist binding, trimeric G-proteins are uncoupled from FPR and a series of signal 
transduction events ensue that result in cell activation. CKR, chemokine receptor; DAG, diacylglycerol; GD(T)P, guanosine di(tri)phosphate; 
GRK, G protein-coupled receptor kinase; IP, inositol phosphate; MAPK, mitogen-activated protein kinase; PI3K, phospha tidy lino si tol 3-kinase; 
PIP3, phosphatidylinositol trisphosphate; PKC, protein kinase C; PLC, phospholipase C. 
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4.3. G protein coupling of FPR 

Studies have suggested that regions in the first and 
second intracellular loop, fifth and sixth transmem- 
brane domains, and the cytoplasmic tail are involved in 
the interaction of FPR with G proteins. These results 
are obtained by using synthetic receptor-mimeric pep- 
tides corresponding to various receptor segments which 
were able to disturb the formation of an FPR-Gi 
complex at different levels [91-95]. The third intracellu- 
lar loop of FPR appears not to play a significant role in 
G protein activation [96]. This is in contrast to observa- 
tions with adrenergic and muscarinic receptors, in 
which the third intracellular loop is essential for G 
protein coupling. By expressing mutant FPRs in Chi- 
nese hamster ovary cells, Miettinen et al. [97] examined 
G protein coupling by quantitative analysis of an 
fMLF-induced increase in [ 35 S]GTPyS binding to iso- 
lated cell membranes. The most prominent uncoupled 
FPR mutants were located in the N-terminal part of the 
second transmembrane domain and the C-terminal in- 
terface of the third transmembrane domain. Less pro- 
nounced uncoupling was detected with deletion 
mutations in the third cytoplasmic loop and in the 
cytoplasmic tail. Mutations located in the fifth and 
sixth transmembrane domains near the N- and C-termi- 
nal parts of the third cytoplasmic loop did not result in 
uncoupling. 

4.4. FPR phosphorylation, homologous de sensitization, 
and internalization 

It has been well established that G protein-coupled 
chemoattractant receptors are subjected to desensitiza- 
tion. 'Homologous desensitization' is rapidly induced 
by binding of cognate agonists in association with 
receptor phosphorylation and internalization [10]. The 
receptors may also be 'heterologously' desensitized by 
agonists that activate other unrelated receptors by 
protein kinase C (PKC) mediated signaling pathway 
[10]. Although the pathways responsible for activation 
of GPCRs are critical to the proper functioning of these 
receptors, the mechanisms involved in terminating or 
attenuating receptor activation are equally important in 
maintaining a balanced cell response in pathophysio- 
logical conditions. Termination of receptor signaling, 
the so-called desensitization, has been shown to depend 
on receptor phosphorylation, primarily by a family of 
G protein coupled receptor kinases (GRKs) [98]. How- 
ever, receptor phosphorylation alone is not sufficient to 
prevent G protein binding and activation. Instead, in 
the case of homologous desensitization, a member of 
the arrestin family must first bind the phosphorylated 
receptor. The binding of arrestins to phosphorylated 
receptor prevents G protein binding and results in an 
inactive receptor. For many GPCRs, arrestins also act 



as adaptor proteins that mediate receptor internaliza- 
tion through clathrin-coated pits. For certain GPCRs, 
arrestin-mediated recruitment of Src is essential for 
activation of MAPKs [99]. It has been suggested that 
the efficacy of dissociation of arrestins from a receptor 
undergoing internalization regulates the rate of receptor 
resensitization and re-expression on the cell surface 
[100]. Therefore, arrestins are thought to play multiple 
roles in desensitization, internalization, signaling and 
resensitization of GPCRs. 

However, studies of phosphorylation, desensitization 
and internalization of FPR revealed some distinct fea- 
tures in comparison to other GPCRs. Upon agonist 
binding, FPR undergoes rapid phosphorylation and 
internalization [68,101]. FPR phosphorylation is cata- 
lyzed by G protein-coupled receptor kinases (GRKs) 
and does not require G protein activation. Agonist-me- 
diated phosphorylation of FPR is correlated with inhi- 
bition of GTPyS binding to the membranes. The 
GTPase activity in the membranes prepared from FPR 
agonist-treated cells is also inhibited [68]. Studies with a 
fusion protein containing the Ser/Thr-rich carboxyl ter- 
minus of FPR suggested that FPR is phosphorylated in 
a sequential manner on Ser and Thr residues by a 
neutrophil cytosolic kinase with similar properties to 
GRK2 [102]. The major role of GRK2 in agonist-in- 
duced FPR phosphorylation has been confirmed by 
experiments using purified kinase. GRK3 may also be 
involved in FPR phosphorylaton but to a lesser extent 
compared to GRK2, whereas GRK5 and GRK6 had 
no effect [103,104]. The results derived from these ex- 
periments are in agreement with the notion that recep- 
tor occupancy, but not signaling through G-proteins, is 
essential for FPR phosphorylation. 

To assess the role of phosphorylation in desensitiza- 
tion of FPR, Prossnitz et al. [105] constructed mutated 
receptors that lack some or all of the potential phos- 
phorylation sites within the carboxyl terminal region 
and showed that phosphorylation at multiple sites 
within the carboxyl terminus of FPR is a necessary step 
in receptor desensitization. In the absence of phospho- 
rylation sites, the mutated FPR in U937 cells remained 
completely responsive to subsequent challenges with 
agonists. In cells expressing the wild type or a mutant 
FPR in which all Ser and Thr residues in the C 
terminus were replaced by alanine and glycine residues, 
the mutant FPR is incapable of undergoing either the 
normal functional desensitization (uncoupling from G 
protein) or agonist-induced internalization [106]. In ad- 
dition, there was no defect in the ability of the mutant 
FPR expressing cell to migrate in response to a concen- 
tration gradient of fMLF. These results suggest that 
although phosphorylation of FPR is a necessary step 
for receptor internalization, such phosphorylation, 
desensitization, and internalization may not be required 
for FPR to mediate agonist-induced cell migration. 
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Further studies revealed that cellular events involved in 
FPR processing, such as uncoupling from G proteins 
and internalization, are differentially regulated by phos- 
phorylation at distinct sites within the carboxyl-termi- 
nus of the receptor [107]. 

As discussed earlier, phosphorylation of the C-termi- 
nus of FPR is mediated mainly by GRK2 and appears 
to be essential for subsequent homologous receptor 
desensitization and internalization [105,106]. However, 
studies of the relationship of internalization and desen- 
sitization using U937 cells expressing FPR mutants that 
are partially defective in phosphorylation revealed that 
FPR internalization could occur in the absence of 
desensitization, indicating that they can be dissociated 
and are regulated by distinct mechanisms. Using a 
dominant negative arrestin mutant which binds to 
clathrin but not to the activated receptor, Prossnitz et 
al. [108] reported that in HEK293 cells, FPR is inter- 
nalized in an arrestin-independent manner. In addition, 
co-expression of dominant negative dynamin mutant or 
clathrin mutant had no effect on FPR internalization. 
Furthermore, fluorescence microscopy showed that the 
p2-adrenergic receptor, which internalizes via clathrin- 
coated pits, does not colocalize with FPR during simul- 
taneous internalization of both receptors. These studies 
suggest that unlike many other GPCRs, agonist-in- 
duced FPR internalization does not involve the actions 
of arrestin, dynamin, and clathrin. Further research is 
required to delineate the molecules that are involved in 
FPR desensitization and internalization. 



5. The pathophysiological role of TV-formyl peptide 
receptors 

5.1. Involvement of formyl peptide receptors in host 
defense 

Based on their ability to recognize bacterial chemo- 
tactic peptides, formyl peptide receptors have been 
proposed to play an important role in host defense 
against microbial invasion. Indeed, stimulation of 
phagocytic leukocyte by fMLF can elicit shape change, 
chemotaxis, adhesion, phagocytosis, release of superox- 
ide anions, and granule contents. In addition, fMLF 
has been shown to stimulate the activation of NFkB 
[109] and production of inflammatory cytokines by 
phagocytes [13] and astrocytoma cell lines [21]. Mobi- 
lization of phagocytes and increased production of 
bactericidal mediators are necessary for a rapid host 
response to invading pathogenic microorganisms. In the 
meantime, release of the superoxide anions and prote- 
olytic enzymes by phagocytes may cause tissue damage 
as seen in inflammation and infection (Fig. 2). The in 
vivo importance of FPR in host defense against bacte- 
rial infection was demonstrated by targeted gene dis- 



ruption of an FPR counterpart (mFPRl) in mice [110]. 
Mice lacking mFPRl developed normally, but had 
decreased resistance to challenge with Listeria monocy- 
togenes. Compared to normal littermates, the mFPRl-/ 
- mice had increased bacterial load in spleen and liver 
two days after infection before the development of 
specific cellular responses. Neutrophil chemotaxis in 
vitro and cell mobilization into peripheral blood in vivo 
in response to fMLF were both absent in mFPRl -/- 
mice. These results confirmed the initial hypothesis that 
FPR is important for host anti-bacterial response. 

The recent identification of a novel and host derived 
FPR agonist annexin I suggests additional biological 
functions of this receptor. Annexin I (lipocortin I) is a 
glucocorticoid-regulated protein which mediates the an- 
tiinflammatory activity of glucocorticoids. The annexin 
I holoprotein and peptides derived from its TV-terminal 
domain act as FPR agonists and trigger different sig- 
naling pathways based on the concentrations utilized 
[47]. The agonist peptides at low concentrations elicit 
Ca 2+ transients without fully activating the MAP ki- 
nase pathway. This causes neutrophil desensitization 
and inhibition of transendothelial migration induced by 
chemoattractants. Because low concentrations of an- 
nexin I peptide can be detected under inflammatory 
conditions, such a desensitizing effect on neutrophils 
was postulated to interfere with cell extravasation and 
thereby to reduce the extent of inflammatory responses. 
In contrast, at high concentrations, the annexin I pep- 
tides fully activate neutrophils and become potent 
proinflammatory stimulants. Human neutrophil granule 
and epithelium derived cathelicidin is a cationic antimi- 
crobial protein. The C-terminal cleavage fragment of 
cathelicidin, LL-37, retains anti-microbial activity and 
binds to and attenuates the biological activity of bacte- 
rial endotoxin. This peptide was recently found to 
chemoattract and activate human neutrophils, mono- 
cytes and T cells through the low-affinity fMLF recep- 
tor FPRL1 [52]. Thus, in addition to bacterial killing, 
LL-37 may recruit phagocytes and immune cells to the 
site of infection and amplify innate and adaptive im- 
mune responses. 

5.2. The role of FPRjFPRLl in HIV -I infection 

Unlike some of the chemokine receptors, FPR and 
FPRL1 have not been reported to act as HIV-1 core- 
ceptors. Despite the observation that HIV-1 envelope 
proteins contain multiple domains that are activators of 
either or both FPR and FPRL1 [12,42-45], there has 
been no experimental evidence to show a direct interac- 
tion between HIV-1 envelope proteins and the formyl 
peptide receptors. Further study is also needed to ex- 
amine whether HIV-1 envelope proteins undergo prote- 
olytic cleavage in vivo to yield peptide fragments that 
act as agonists for formyl peptide receptors. Several 
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lines of evidence support a possible generation of such 
agonist fragments in vivo. For instance, antibodies 
recognizing various epitopes of HIV-1 envelope 
proteins appear at early stages of HIV-1 infection [111], 
we have found that both synthetic T21/DP107 and 
T20/DP178 domains of gp41 were recognized by sera 
from AIDS patients by immuno-blotting, suggesting 
that these epitopes are accessible to host immune cells 
including antigen presenting cells. In a survey of pedi- 
atric AIDS patients, Hattori et al. [112] reported in- 
creased titers of antibodies against T20/DP178 and 
T21/DP107 peptides in sera of all patients at the early 
stages of HIV-1 infection. Therefore, FPR and FPRL1 
may function as sensors involved in recognizing peptide 
fragments possibly generated during viral infection and 
modulate inflammatory and immune responses in AIDS 
patients. 

In addition to mediating the leukocyte chemotactic 
and activating effect of various agonists including HIV- 
1 envelope peptide domains, FPR and FPRL1 may also 
participate in the modulation of the expression and 
function of other G protein-coupled receptors, includ- 
ing chemokine receptors, by a mechanism of receptor 
'heterologous desensitization'. Intact recombinant solu- 
ble gpl20 and gp41 of HIV-1 were able to markedly 
down-regulate the expression and function of receptors 
for fMLF and a number of chemokines on monocytes, 
provided CD4 was expressed [113,114]. However, it is 
not clear whether interaction with CD4 may lead to 
exposure of selected HIV-1 envelope domains that sub- 
sequently interact with FPR or FPRL1. Studies on 
cross-desensitization of chemoattractant receptors have 
suggested the presence of a hierarchy of receptor classes 
with FPR being one of the most potent activators of 
the second messengers involved in receptor het- 
erologous desensitization [10] (Fig. 2). We have tested 
the capacity of activated fMLF receptors to affect 
signaling and phosphorylation of HIV-1 chemokine 
coreceptors and found that in monocytes/macrophages, 
fMLF could rapidly induce serine-phosphorylation of 
CCR5 [11], an essential coreceptor for the monocy- 
totropic (R5) HIV-1. The level of CCR5 phosphoryla- 
tion induced by fMLF, but not by the cognate 
chemokine ligands for CCR5 such as MIP-lp, was 
markedly reduced in monocytes preincubated with 
PKC inhibitors, suggesting that fMLF-induced phos- 
phorylation and heterologous desensitization of CCR5 
are dependent on the activation of PKC, and are 
different from the signals induced by homologous 
desensitization by the native CCR5 ligands [115-117]. 
The phosphorylation of CCR5 induced by fMLF 
caused down-regulation of CCR5 from the cell surface 
accompanied by reduced signaling capacity of the cells 
in response to chemokines that use CCR5. In addition 
to fMLF, other agonists for FPR and FPRL1, such as 
T20/DP178, V3 and SAA [12,42], also induced CCR5 



phosphorylation in human monocytes. We further ob- 
served that fMLF, by activating FPR, significantly 
reduced the fusion and infection of R5 HIV-1 in both 
receptor transfected cell lines and macrophages [11]. We 
additionally observed that the synthetic W peptide that 
activates both FPR and FPRL1, is a potent inhibitor of 
R5 and X4 HIV-1 infection of both primary mononu- 
clear cells and cell lines transfected with FPRL1, CD4 
and chemokine coreceptors (data not shown). These 
results indicate that activation of FPR and/or FPRL1 
by its agonists can compromise the ability of CCR5 and 
CXCR4 to act as HIV-1 coreceptors. 

Formyl peptide receptors can potentially have dual 
effects in HIV-1 infection. Activation of FPR or 
FPRL1 by agonists, which result in augmented cellular 
functions, may promote both host innate defense and 
subsequent adaptive immune responses at the initial 
stages of HIV-1 infection. On the other hand, pro- 
longed activation of FPR or FPRL1 results in desensi- 
tization of the phagocytic and T cell responses to other 
chemoattractants, including chemokines. This suppres- 
sive effect of formyl peptide receptor activation may 
further compromise host defense of AIDS patients by 
reducing their chemo attract ant-mediated inflammatory 
reactions [118-121]. The reduced expression of CCR5 
and CXCR4 concomitantly potentially interferes with 
the propagation of HIV-1 infection. In this context, 
FPR and FPRL1 induced chemokine coreceptor desen- 
sitization provides a strategy for the development of 
another type of anti-HIV-1 agents. 

5.3. The role of formyl peptide receptors in amyloidosis 
and neurodegenerative diseases 

The findings that FPRL1 is a functional receptor for 
at least three forms of amyloidogenic protein and pep- 
tide agonists, SAA, A(3 42 , and PrP106-126, may have 
important implications in several disease states. SAA is 
an acute phase protein and is normally present in serum 
at 0.1 uM levels. Prolonged or repeated inflammatory 
conditions cause a marked increase (by 1000-fold) in 
the serum concentrations of SAA and may result in 
amyloidosis, which is characterized by deposition of 
Congo-red birefringent nonbranching fibrils in various 
organs with progressive loss of organ function. SAA is 
further enzymatically cleaved and the fragments (such 
as an 8 kd AA fragment) also precipitate to form 
amorphous amyloid fibril deposits [53,54]. Since phago- 
cytic leukocytes are the source of enzymes that can 
fragment and degrade SAA, and these cells are present 
at the sites of amyloid deposits, the usage of FPRL1 by 
SAA to chemoattract leukocytes may serve to recruit 
these cells to participate in the degradation of SAA. 
This process may represent a host response for the 
clearance of pathogenic agents. However, it is also 
possible that the resultant cell activation and incom- 
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plete degradation of SAA could exacerbate inflamma- 
tory responses and tissue injury in association with 
amyloidosis. 

The observation that FPRL1 is used by SAA as a 
chemotactic receptor led us to postulate the use of this 
receptor by other amyloidogenic proteins such as the 42 
amino acid form of amyloid p (Ap 42 ) and the peptide 
domain derived from human prion (PrP106-126). Ap 
peptides play a crucial role in the neurodegenerative 
process of Alzheimer's disease (AD). Mutations in the 
amyloid precursor protein and the presenilin genes are 
associated with increased production of Ap 42 by neu- 
ronal cells and are associated with familial forms of AD 
which show early onset of dementia [55]. Most AD 
patients are of the sporadic form in which the precise 
cause for an increased Ap 42 production in the brain is 
not well known and may be related to a variety of 
pathological insults to the CNS such as injury and 
infection. The characteristic feature of AD is the pres- 
ence of senile plaques in the brain tissue which may be 
associated with a progressive cognitive impairment as a 
consequence of extensive neuronal loss [55]. A senile 
plaque is the site of a complex cellular reaction consist- 
ing of both activated microglia (the monocyte counter- 
part in the brain) and astrocytes in and surrounding the 
amyloid deposition, with microglia being the most 
abundant and prominent cell type [122,123]. These mi- 
croglial cells exhibit a 'reactive' or 'activated' pheno- 
type, and are believed to be mediators of inflammatory 
reaction seen in AD plaques. The hypothesis that the 
pathogenesis of AD involves a proinflammatory re- 
sponse is based on observations that Ap peptides, Ap 42 
in particular, are potent activators of microglia, and 
peripheral blood mononuclear phagocytes, which show 
increased adhesion, chemotaxis, phagocytosis, and pro- 
duction of neurotoxic and proinflammatory cytokines 
and other mediators [124-127]. The brains of AD 
patient exhibit a chronic inflammatory response associ- 
ated with Ap deposits in the senile plaques [122,123]. 
Retrospective epidemiological studies [128] revealed 
that patients treated for extended periods with nons- 
teroidal anti-inflammatory drugs (NSAID) for rheuma- 
toid arthritis or leprosy, the risk of AD was 
significantly reduced. A prospective, longitudinal study 
demonstrated that NSAID treatment reduced the risk 
of AD by nearly 50% [129-131]. Other smaller scale 
studies showed that NSAID treatment improved the 
cognitive abilities, delayed disease progression, and 
greatly reduced the number of plaque-associated reac- 
tive microglia in AD patients [132]. In vitro, NSAID 
have been found to inhibit Ap-induced mononuclear 
phagocyte (monocytes and microglia) activation and 
release of neurotoxins [133]. Recently, by using trans- 
genic mice over-expressing human Ap, Lim et al. [134] 
observed that chronic oral administration of ibuprofen, 
an anti-inflammatory drug, significantly reduced AD- 



like pathology, including Ap deposition, cerebral 
plaque load, plaque-associated microglial activation 
and over production of IL-1. Therefore, both labora- 
tory and clinical studies suggest a critical role of inflam- 
matory process in the progression of AD. 

Ap-induced activation of mononuclear phagocytes 
appears to be cell surface receptor-dependent. Several 
cell surface molecules have been reported to interact 
with Ap, notably the scavenger receptor (SR) [135] and 
the receptor for advanced glycation end products 
(RAGE) [136]. Both SR and RAGE are able to bind 
Ap and, while SR may mediate Ap-induced cell adhe- 
sion, RAGE was found to mediate Ap-induced mi- 
croglial chemotaxis and neuronal release of 
macrophage colony stimulating factor which is a prolif- 
erative signal for mononuclear phagocytes. However, a 
number of studies yielded conflicting results that sug- 
gest the existence of other cell surface receptors for Ap 
[137,138]. In particular, since signal transduction in 
mononuclear phagocytes by Ap involves activation of 
G-proteins, protein kinase C, and tyrosine kinases, a 
seven-transmembrane receptor is implicated 
[124,127,139]. This was reinforced by other data show- 
ing that PTX interfered with Ap signal transduction. 
Our effort to establish the identity of the cellular recep- 
tor^) for Ap 42 revealed that FPRL1 is responsible for 
Ap 42 to chemo attract and activate human mononuclear 
phagocytes. In addition, high levels of FPRL1 gene 
expression were detected in CD 1 lb-positive mononu- 
clear phagocytes that infiltrate the plaques in brain 
tissues of the AD patients [49]. Ap 42 also induced weak 
calcium mobilization and cell migration response by 
stimulating through FPR [49]. However, the efficacy of 
Ap 42 on FPR is much lower than on FPRL1, indicating 
that FPRL1 is a major functional receptor for Ap 42 . 

PrP106-126 is a 20 amino acid fragment of the 
human prion protein and has been shown to form 
fibrils in vitro and to elicit a diverse array of biological 
responses in mononuclear phagocytes, i.e. monocytes 
and microglia, including calcium mobilization, protein 
tyrosine phosphorylation and production of proinflam- 
matory cytokines [140-143]. Our identification of 
FPRL1 as a receptor used by PrP106-126 to chemoat- 
tract and activate human mononuclear phagocytes sug- 
gests that this receptor may also play a role in the 
proinflammatory aspects of prion diseases. Prion dis- 
eases are transmissible fatal neurodegenerative diseases 
that affect a variety of species including human 
(Creutzfeldt- Jakob disease, CJD), sheep (scrapie) and 
cattle (spongiform encephalopathy, or 'mad cow dis- 
ease') [144]. The etiological agent of these diseases is 
proposed to be an aberrant isoform of the cell surface 
glycoprotein, the prion protein (PrPc) [144]. The patho- 
logical isoform of PrPc (PrPSc) is deposited in the 
extracellular space of diseased central nervous system at 
sites infiltrated by activated mononuclear phagocytes 
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Fig. 3. The role of FPRL1 in AD and CJD. A(3 42 in AD or prion 
protein fragment(s) (PrP) in CJD active FPRL1 on mononuclear 
phagocytes (MO) in the brain. Activated mononuclear phagocytes 
accumulate at the sites containing increased Ap 42 or prion protein 
fragment(s) and release proinflammatory mediators (TNF-a, IL-1, 
NO, H 2 0 2 , etc.) that can be cytotoxic to neurons. The receptor(s) on 
astrocytes, vascular endothelial cell (EC) and neuronal cells that 
recognize amyloidogenic peptides has not been defined. 

[145,146]. Similar to AD, multiple neuritic plaques are 
present in brains of prion diseases and it is proposed 
that activation of mononuclear phagocytes are required 
for the neurotoxicity of prion isoform or its peptide 
fragments such as PrP106-126 [146]. Interestingly, a 
recent study revealed that PrP106-126 was detected in 
brain lesions of some AD patients, suggesting the coex- 
istence of prion disease pathology in AD [147]. Our 
studies indicate that, by interacting with FPRL1, 
PrP 106 -126 not only induced migration of human 
mononuclear phagocytes, but also significantly in- 
creased production of proinflammatory cytokines such 
as TNF-oc and IL-lp by these cells [50]. 

It should be emphasized that the cause of AD and 
prion diseases is complex and may require the partici- 
pation of a great variety of factors. The identification of 
FPRL1 as a functional receptor for Ap 42 and the prion 
protein fragment PrP106-126 nevertheless provides a 
molecular link in the chain of proinflammatory re- 
sponses observed in AD and in prion diseases. FPRL1 
may help direct the migration and accumulation of 
mononuclear phagocytes to sites containing elevated 
levels of these chemotactic agonists. The infiltrating 
mononuclear phagocytes may ingest amyloidogenic 
proteins and fragments through internalization of the 
ligand-FPRLl complex. However, the resultant activa- 
tion of the cells can also promote an inflammatory 
response potentially destructive to neuronal cells. This 
vicious cycle may contribute to the degeneration and 
eventual loss of neurons (Fig. 3). 



6. Conclusions 

Since the identification and molecular cloning of the 
formyl peptide receptors a decade ago, their biological 



roles in host defense and immune responses have been 
a focus of investigation by many laboratories. The 
targeted disruption of murine FPR gene (Fprl) pro- 
vides definitive evidence for involvement of this recep- 
tor in host defense against microbial invasion. The 
recent identification of novel and host-derived agonists 
for both FPR and FPRL1 broadens the functional 
scope of these receptors and their potential roles in 
pathophysiological conditions beyond host resistance 
against exogenous pathogens. In particular, the usage 
of FPRL1 by amyloidogenic protein and peptide ago- 
nists suggests that this receptor may play a crucial role 
in proinflammatory aspects of systemic amyloidosis and 
neurodegenerative diseases such as AD and prion dis- 
ease. Because most of the newly identified agonists for 
either FPR or FPRL1 do not share substantial se- 
quence homology, these receptors may behave as 'pat- 
tern recognition' receptors that can be activated by a 
wide variety of unrelated 'linear' ligands which are 
generated during pathological conditions. Although the 
pattern these receptors are recognizing remains unclear, 
the pleiotrophic capacity of these receptors also is 
similar to that of 'scavenger receptors'. Despite the fact 
that ligands induce these receptors to signal, their pri- 
mary role may be to eliminate nonfunctional or 'unde- 
sirable' molecules. However, some of these molecules 
may cause 'indigestion' and undesirable injuries or infl- 
ammatory reactions. Further research on formyl pep- 
tide receptors is needed to define the precise 
pathophysiological role of these receptors and their 
potential as targets for drug development. 



Acknowledgements 

The authors thank their colleagues and collaborators 
for contribution to the studies performed in this labora- 
tory. The secretarial assistance by C. Fogle and C. 
Nolan is gratefully acknowledged. The content of this 
publication does not necessarily reflect the views or 
policies of the Department of Health and Human Ser- 
vices, nor does mention of trade names, commercial 
products, or organizations imply endorsement by the 
US Government. The publisher or recipient acknowl- 
edges right of the US Government to retain a nonexclu- 
sive, royalty-free license in and to any copyright 
covering this article. 

References 

[1] Snyderman R, Uhing RJ. Chemoattractant stimulus-response 

coupling. In: Gallin JI, Goldstein IM, Snyderman R, editors. 

Inflammation: basic principles and clinical correlates, 2nd. New 

York: Raven Press, 1992:421-39. 
[2] Goldstein IM. Complement: biologically active products. In: 

Gallin JI, Goldstein IM, Snyderman R, editors. Inflammation: 



Y. Le et ah / Cytokine & Growth Factor Reviews 12 (2001) 91-105 



101 



basic principles and clinical correlates, 2nd. New York: Raven 
Press, 1992:55-74. 

[3] Hwang SB. Specific receptors of platelet-activation factor, re- 
ceptor heterogeneity, and signal transduction mechanisms. J 
Lipid Med 1990;2:123-58. 

[4] Oppenheim JJ, Zachariae COC, Mukaida N, Matsushima K. 
Properties of the novel pro -inflammatory supergene 'intercrine' 
cytokine family. Annu Rev Immunol 1991;9:617-48. 

[5] Rollins BJ. Chemokines. Blood 1997;90:909-26. 

[6] Zlotnik A, Morales J, Hedrick JA. Recent advances in 
chemokines and chemokine receptors. Crit Rev Immunol 
1999;19:1-47. 

[7] Schiffmann E, Corcoran BA, Wahl S. N-formylmethionyl pep- 
tides as chemoattractants for leucocytes. Proc Natl Acad Sci 
USA 1975;72:1059-62. 

[8] Schiffmann E, Showell HV, Corcoran BA, Ward PA, Smith E, 
Becker EL. The isolation and partial characterization of neu- 
trophil chemo tactic factors from Escherichia coli. J Immunol 
1975;114:1831-7. 

[9] Marasco WA, Phan SH, Krutzsch H, Showell HJ, Feltner DE, 
Nairn R, et al. Purification and identification of formyl-me- 
thionyl-leucyl-phenylalanine as the major peptide neutrophil 
chemotactic factor produced by Escherichia coli. J Biol Chem 
1984;259:5430-9. 

[10] Ali H, Richardson RM, Haribabu B, Snyderman R. Chemoat- 
tractant receptor cross-de sensitization. J Biol Chem 
1999;274:6027 - 30. 

[11] Shen W, Li B, Wetzel MA, Rogers TJ, Henderson EE, Su SB, 
et al. Down-regulation of the chemokine receptor CCR5 by 
activation of chemotactic formyl peptide receptor in human 
monocytes. Blood 2000;96:2887-94. 

[12] Shen W, Proost P, Li B, Gong W, Le Y, Sargeant R, et al. 
Activation of the chemotactic peptide receptor FPRL1 in 
monocytes phosphorylates the chemokine receptor CCR5 and 
attenuates cell responses to selected chemokines. Biochem Bio- 
phys Res Commun 2000;272:276-83. 

[13] Murphy PM. The N-formyl peptide chemotactic receptors. In: 
Horuk R, editor. Chemoattractant ligands and their receptors. 
Boca Raton, FL: CRC Press, 1996:269-99. 

[14] Prossnitz ER, Ye RD. The N-formyl peptide receptor: a model 
for the study of chemoattractant receptor structure and func- 
tion. Pharmacol Ther 1997;74:73-102. 

[15] Perez HD, Holmes R, Kelly E, McClary J, Chou Q, Andrews 
WH. Cloning of the gene coding for the human receptor for 
formyl peptides: characterization of a promoter region and 
evidence for polymorphic expression. Biochemistry 
1992;31:11595-9. 

[16] Murphy PM, Tiffany HL, McDermott D, Ahuja SK. Sequence 
and organization of the human N-formyl peptide receptor-en- 
coding gene. Gene 1993;133:285-90. 

[17] Haviland DL, Borel AC, Fleischer DT, Haviland JC, Wetsel 
RA. Structure, 5'-flanking sequence, and chromosome location 
of the human N-formyl peptide receptor gene. A single -copy 
gene comprised of two exons on chromosome 19q.l3.3 that 
yields two distinct transcripts by alternative polyadenylation. 
Biochemistry 1993;32:4168-74. 

[18] McCoy R, Haviland DL, Molmenti EP, Ziambaras T, Wetsel 
RA, Perlmutter DH. N-formylpeptide and complement C5a 
receptors are expressed in liver cells and mediate hepatic acute 
phase gene regulation. J Exp Med 1995;182:207-17. 

[19] Sozzani S, Sallusto F, Luini W, Zhou D, Piemonti L, Allavena 
P, et al. Migration of dendritic cells in response to formyl 
peptides, C5a, and a distinct set of chemokines. J Immunol 
1995;155:3292-5. 

[20] Lacy M, Jones J, Whittemore SR, Haviland DL, Wetsel RA, 
Barnum SR. Expression of the receptors for the C5a anaphyla- 



toxin, interleukin-8 and FMLP by human astrocytes and mi- 
croglia. J Neuroimmunol 1995;61:71-8. 

[21] Le Y, Hu J, Gong W, Shen W, Li B, Dunlop NM, et al. 
Expression of functional formyl peptide receptors by human 
astrocytoma cell lines. J Neuroimmunol 2000;111:102-8. 

[22] Keitoku M, Kohzuki M, Katoh H, Funakoshi M, Suzuki S, 
Takeuchi M, et al. FMLP actions and its binding sites in 
isolated human coronary arteries. J Mol Cell Cardiol 
1997;29:881-94. 

[23] Becker EL, Forouhar FA, Grunnet ML, Boulay F, Tardif M, 
Bormann BJ, et al. Broad immunocytochemical localization of 
the formylpeptide receptor in human organs, tissues, and cells. 
Cell Tissue Res 1998;292:129-35. 

[24] Alvarez V, Coto E, Setien F, Gonzalez-Roces S, Lopez-La rrea 

C. Molecular evolution of the N-formyl peptide and C5a 
receptors in non-human primates. Immunogenetics 
1996;44:446-52. 

[25] Thomas KM, Pyun HY, Navarro J. Molecular cloning of the 
fMet-Leu-Phe receptor from neutrophils. J Biol Chem 
1990;265:20061-4. 

[26] Ye RD, Quehenberger O, Thomas KM, Navarro J, Cavanagh 
SL, Prossnitz ER, et al. The rabbit neutrophil N-formyl peptdie 
receptor. cDNA cloning, expression, and structure/function 
implications. J Immunol 1993;150:1383-9. 

[27] Gao JL, Murphy PM. Species and subtype variants of the 
N-formyl peptide chemotactic receptor reveal multiple impor- 
tant functional domains. J Biol Chem 1993;268:25395-401. 

[28] Murphy PM, Ozcelik T, Kenney RT, Tiffany HL, McDermott 

D, Francke U. A structural homologue of the N-formyl peptide 
receptor. Characterization and chromosome mapping of a pep- 
tide chemoattractant receptor family. J Biol Chem 
1992;267:7637-43. 

[29] Ye RD, Cavanagh SL, Quehenberger O, Prossnitz ER, 
Cochrane CG. Isolation of a cDNA that encodes a novel 
granulocyte N-formyl peptide receptor. Biochem Biophys Res 
Commun 1992;184:582-9. 

[30] Bao L, Gerard NP, Eddy R, Jr., Shows TB, Gerard C. Map- 
ping of genes for the human C5a receptor (C5AR), human 
FMLP receptor (FPR), and two FMLP receptor homologue 
orphan receptors (FPRH1, FPRH2) to chromosome 19. Ge- 
nomics 1992;13:437-40. 

[31] Boulay F, Tardif M, Brouchon L, Vignais P. Synthesis and use 
of a novel N-formyl peptide derivative to isolate a human 
N-formyl peptide receptor cDNA. Biochem Biophys Res Com- 
mun 1990;168:1103-9. 

[32] Boulay F, Tardif M, Brouchon L, Vignais P. The human 
N-formylpeptide receptor. Characterization of two cDNA iso- 
lates and evidence for a new subfamily of G-protein-coupled 
receptors. Biochemistry 1990;29:11123-33. 

[33] Durstin M, Gao JL, Tiffany HL, McDermott D, Murphy PM. 
Differential expression of members of the N-formylpeptide 
receptor gene cluster in human phagocytes. Biochem Biophys 
Res Commun 1994;201:174-9. 

[34] Gronert K, Gewirtz A, Madara JL, Serhan CN. Identification 
of a human enterocyte lipoxin A4 receptor that is regulated by 
interleukin (IL)-13 and interferon gamma and inhibits tumor 
necrosis factor alpha-induced IL-8 release. J Exp Med 
1998;187:1285-94. 

[35] Gao JL, Chen H, Filie JD, Kozak CA, Murphy PM. Differen- 
tial expansion of the N-formylpeptide receptor gene cluster in 
human and mouse. Genomics 1998;51:270-6. 

[36] Hartt JK, Barish G, Murphy PM, Gao JL. N-formylpep tides 
induce two distinct concentration optima for mouse neutrophil 
chemotaxis by differential interaction with two N-formylpep- 
tide receptor (FPR) subtypes: molecular characterization of 
FPR2, a second mouse neutrophil FPR. J Exp Med 
1999;190:741-7. 



102 



Y. Le et ah / Cytokine & Growth Factor Reviews 12 (2001) 91-105 



[37] Seo JK, Choi SY, Kim Y, Baek SH, Kim KT, Chae CB, et 
al. A peptide with unique receptor specificity. Stimulation of 
phosphoinositide hydrolysis and induction of superoxide gen- 
eration in human nertrophils. J Immunol 1997;158:1895-901. 

[38] Seo JK, Bae YS, Song H, Baek SH, Kim BS, Choi WS, et 
al. Distribution of the receptor for a novel peptide stimulat- 
ing phosphoinositide hydrolysis in human leukocytes. Clin 
Biochem 1998;31:137-41. 

[39] Bae YS, Ju SA, Kim JY, Seo JK, Baek SH, Kwak JY, et al. 
Trp-Lys-Tyr-Met-Val-D-Met stimulates superoxide generation 
and killing of Staphylococcus aureus via phospholipase D 
activation in human monocytes. J Leuko Bio 1999;65:241-8. 

[40] Le Y, Gong W, Li B, Dunlop NM, Shen W, Su SB, et al. 
Utilization of two seven-transmembrane, G protein-coupled 
receptors, formyl peptide receptor-like 1 and formyl peptide 
receptor, by the synthetic hexapeptide WKYMVm for human 
phagocyte activation. J Immunol 1999;163:6777-84. 

[41] Klein C, Paul JI, Sauve K, Schmidt MM, Arcangeli L, Ran- 
som J, et al. Identification of surrogate agonists for the hu- 
man FPRL-1 receptor by autocrine selection in yeast. Nat 
Biotechnol 1998;16:1334-7. 

[42] Su SB, Gong WH, Gao JL, Shen WP, Grimm MC, Deng X, 
et al. T20/DP178, an ectodomain peptide of human im- 
munodeficiency virus type 1 gp41, is an activator of human 
phagocyte N-formyl peptide receptor. Blood 1999;93:3885-92. 

[43] Su SB, Gao JL, Gong WH, Dunlop NM, Murphy PM, Op- 
penheim JJ, et al. T21/DP107, a synthetic leucine zipper-like 
domain of the HIV-1 envelope gp41, attracts and activates 
human phagocytes by using G protein-coupled formyl peptide 
receptors. J Immunol 1999;162:5924-30. 

[44] Le Y, Jiang S, Hu J, Gong W, Su S, Dunlop NM, et al. 
N36, a synthetic N-terminal heptad repeat domain of the 
HIV-1 envelope protein gp41, is an activator of human 
phagocytes. Clin Immunol 2000;96:236-42. 

[45] Deng X, Ueda H, Su SB, Gong W, Dunlop NM, Gao JL, et 
al. A synthetic peptide derived from HIV-1 gpl20 down-regu- 
lates the expression and function of chemokine receptors 
CCR5 and CXCR4 in monocytes by activating the seven- 
transmembrane G protein-coupled receptor FPRL1/LXA4R. 
Blood 1999;94:1165-73. 

[46] Carp H. Mitochondrial N-formylmethionyl proteins as 
chemoattractants for neutrophils. J Exp Med 1982; 155:264- 
75. 

[47] Walther A, Riehemann K, Gerke V. A novel ligand of the 
formyl peptide receptor: annexin I regulates neutrophil ex- 
travasation by interacting with the FPR. Mol Cell 
2000;5:831-40. 

[48] Su SB, Gong W, Gao JL, Shen W, Murphy PM, Oppenheim 
JJ, et al. A seven-transmembrane, G-protein-coupled receptor, 
FPRL1, mediates the chemotactic activity of serum amyloid 
A for human phagocytic cells. J Exp Med 1999;189:395-402. 

[49] Le Y, Gong W, Tiffany HL, Tumanov A, Nedospasov S, 
Shen W, et al. Amyloid (342 activates a G protein-coupled 
chemoattractant receptor FPR-like 1. J Neurosci 
2000;21(RC123):l-5. 

[50] Le Y, Yazawa H, Gong W, Yu Z, Ferrans VJ, Murphy PM, 
et al. The neurotoxic prion peptide fragment PrP106-126 is a 
chemotactic agonist for the g protein-coupled receptor fprll. 
J. Immunol. 2001;166:1448-51. 

[51] Chiang N, Fierro IM, Gronert K, Serhan CN. Activation of 
lipoxin A4 receptors by aspirin-triggered lipoxins and select 
peptides evokes ligand-specific responses in inflammation. J 
Exp Med 2000;191:1197-207. 

[52] Yang D, Chen Q, Schmidt AP, Anderson GM, Wang JM, 
Wooters J, et al. LL-37, the neutrophil granule- and epithelial 
cell-derived cathelicidin, utilizes formyl peptide receptor-like 1 



(FPRL1) as a receptor to chemoattract human peripheral 
blood neutrophils, monocytes, and T cells. J Exp Med 
2000;192:1069-74. 

[53] Glenner GG. Amyloid deposits and amyloidsis. N Engl J 
Med 1980;302:1283-92. 

[54] Stone MJ. Amyloidosis: a final common pathway for protein 
deposition in tissues. Blood 1990;75:531-45. 

[55] Selkoe DJ. Translating cell biology into therapeutic advances 
in Alzheimer's disease. Nature 1999;399(6738 Suppl.):A23-31. 

[56] Forloni G, Angeretti N, Chiesa R, Monzani E, Salmona M, 
Bugiani O, et al. Neurotoxicity of a prion protein fragment. 
Nature 1993;362:543-6. 

[57] Fiore S, Maddox JF, Perez HD, Serhan CN. Identification of 
a human cDNA encoding a functional high affinity lipoxin 
A4 receptor. J Exp Med 1994;180:253-60. 

[58] Takano T, Fiore S, Maddox JF, Brady HR, Petasis NA, 
Serhan CN. Aspirin-triggered 15-epi-lipoxin A4 (LXA4) and 
LXA4 stable analogues are potent inhibitors of acute inflam- 
mation: evidence for anti-inflammatory receptors. J Exp Med 
1997;185:1693-704. 

[59] Freer RJ, Day AR, Radding JA, Schiffmann E, Aswaniku- 
mar S, Showell HJ, et al. Further studies on the structural 
requirements for synthetic peptide chemoattractants. Biochem- 
istry 1980;19:2404-10. 

[60] Dalpiaz A, Pecoraro R, Vertuani G, Spisani S, Rizzuti O, 
Fabbri E, et al. Formylpeptide receptor antagonists: structure 
and activity. Boll Chim Farm 1999;138:44-8. 

[61] Higgins JD, 3rd, Bridger GJ, Derian CK, Beblavy MJ, Her- 
nandez PE, Gaul FE, et al. N-terminus urea-substituted 
chemotactic peptides: new potent agonists and antagonists to- 
ward the neutrophil fMLF receptor. J Med Chem 
1996;39:1013-5. 

[62] Derian CK, Solomon HF, Higgins JD, 3rd, Beblavy MJ, 
Santulli RJ, Bridger GJ, et al. Selective inhibition of N- 
formylpeptide-induced neutrophil activation by carbamate- 
modified peptide analogues. Biochemistry 1996;35:1265-9. 

[63] Wenzel-Seifert K, Gmnbaum L, Seifert R. Differential inhibi- 
tion of human neutrophil activation by cyclosporins A, D, 
and H. Cyclosporin H is a potent and effective inhibitor of 
formyl peptide-induced superoxide formation. J Immunol 
1991;147:1940-6. 

[64] Wenzel-Seifert K, Seifert R. Cyclosporin H is a potent and 
selective formyl peptide receptor antagonist. Comparison with 
N-t-butoxycarbonyl-L-phneylalanyl-L-leucyl-L-phenylalanyl-L- 
leucyl-L-phenylalanine and cyclosporins A, B, C, D, and E. J 
Immunol 1993;150:4591-9. 

[65] de Paulis A, Ciccarelli A, de Crescenzo G, Cirillo R, Patella 
V, Marone G. Cyclosporin H is a potent and selective com- 
petitive antagonist of human basophil activation by N-for- 
myl-methionyl-leucyl-phenylalanine. J Allergy Clin Immunol 
1996;98:152-64. 

[66] Chen X, Yang D, Shen W, Dong HF, Wang JM, Oppenheim 
JJ, et al. Characterization of chenodeoxycholic acid as an 
endogenous antagonist of the g-coupled formyl peptide recep- 
tors. Inflammation Res. 2001, in press. 

[67] Snyderman R, Uhing RJ. Phagocytic cells: stimulus-response 
coupling mechanismes. In: Gallin JI, Goldstein IM, Snyder- 
man R, editors. Inflammation: basic principles and clinical 
correlates, 2nd. New York: Raven Press, 1992:421-39. 

[68] Ali H, Richardson RM, Tomhave ED, Didsbury JR, Snyder- 
man R. Differences in phosphorylation of formylpeptide and 
C5a chemoattractant receptors correlated with differences in 
desensitization. J Biol Chem 1993;268:24247-54. 

[69] Haribabu B, Zhelev DV, Pridgen BC, Richardson RM, Ali 
H, Snyderman R. Chemoattractant receptors activate distinct 
pathways for chemotaxis and secretion. Role of G-protein 
usage. J Biol Chem 1999;274:37087-92. 



Y. Le et ah / Cytokine & Growth Factor Reviews 12 (2001) 91-105 



103 



[70] Gierschik P, Sidoropoulos D, Jakobs KH. Two distinct 
Gi-proteins mediate formyl peptide receptor signal transduc- 
tion in human leukemia (HL-60) cells. J Biol Chem 1989;264: 
21470-3. 

[71] Klinker JF, Schwaner I, Offermanns S, Hageliiken A, Seifert 
R. Differential activation of dibutyryl cAMP-differentiated 
HL-60 human leukemia cells by chemoattractants. Biochem 
Pharmacol 1994;48:1857-64. 

[72] Wenzel-Seifert K, Arthur JM, Liu HY, Seifert R. Quantita- 
tive analysis of formyl peptide receptor couping to Giod, 
Gia2, and Gia3. J Biol Chem 1999;274:33259-66. 

[73] Neubig RR, Sklar LA. Subsecond modulation of formyl pep- 
tide-linked guanine nucleotide -binding proteins by guanosine 
5 / -0-(3-thio)triphosphate in permeabilized neutrophils. Mol 
Pharmacol 1993;43:734-40. 

[74] Domalewski MD, Guyer DA, Freer RJ, Muthukumaraswamy 
N, Sklar LA. Fixation traps formyl peptide receptors in high 
and low affinity forms that can be regulated by GTP[S] in 
the absence of ligand. J Recept Signal Transduct Res 
1996;16:59-75. 

[75] Posner RG, Fay SP, Domalewski MD, Sklar LA. Continuous 
spectrofluorometric analysis of formyl peptide receptor 
ternary complex interactions. Mol Pharmacol 1994;45:65-73. 

[76] Camps M, Carozzi A, Schnabel P, Scheer A, Parker PJ, 
Gierschik P. Isozyme-selective stimulation of phospholipase 
C-p2 by G Protein py-subunits. Nature (London) 
1992;360:684-9. 

[77] Leopoldt D, Hanck T, Exner T, Maier U, Wetzker R, Nurn- 
berg B. Gbetagamma stimulates phosphoinositide 3-kinase- 
gamma by direct interaction with two domains of the 
catalytic pllO subunit. J Biol Chem 1998;273:7024-9. 

[78] Pan ZK, Chen LY, Cochrane CG, Zuraw BL. fMet-Leu-Phe 
stimulates proinflammatory cytokine gene expression in hu- 
man peripheral blood monocytes: the role of phosphatidyli- 
nositol 3-kinase. J Immunol 2000;164:404-11. 

[79] Sasaki T, Irie-Sasaki J, Gones RG, et al. Function of PI3Ky 
in thymocyte development, T cell activation, and neutrophil 
migration. Science 2000;287:1040-6. 

[80] Li Z, Jiang H, Xie W, Zhang Z, Smrcka AV, Wu D. Roles 
of PLC-p2 and -p3 and PI3Ky in chemoattractant-mediated 
signal transduction. Science 2000;287:1046-9. 

[81] Hirsch E, Katanaev VL, Garlanda C, Azzolino O, Pirola L, 
Silengo L, et al. Central role for G protein-coupled phospho- 
inositide 3-kinase gamma in inflammation. Science 
2000;287:1049-53. 

[82] Torres M, Hall FL, O'Neill K. Stimulation of human neu- 
trophils with fMLP induces tyrosine phosphorylation and ac- 
tivation of two distinct mitogen-activated protein kinase. J 
Immunol 1993;150:1563-78. 

[83] Rane MJ, Carrithers SL, Arthur JM, Klein JB, McLeish KR. 
Formyl peptide receptors are coupled to multiple mitogen-ac- 
tivated protein kinase cascades by distinct signal transduction 
pathways: role in activation of reduced nicotinamide adenine 
dinucleotide oxidase. J Immunol 1997;159:5070-8. 

[84] Ptasznik A, Traynor-Kaplan A, Bokoch GM. G protein-cou- 
pled chemoattractant receptors regulate lyn tyrosine kinase- 
Shc adapter protein signaling complexes. J Biol Chem 
1995;270:19969-73. 

[85] Tsu RC, Lai HWL, Wong YH. Differential coupling of the 
formyl peptide receptor to adenylate cyclase and phospholi- 
pase C by the pertussis toxin-insensitive Gz protein. Biochem 
J 1995;309:331-9. 

[86] Wenzel-Seifert K, Hurt CM, Seifert R. High constitutive ac- 
tivity of the human formyl peptide receptor. J Biol Chem 
1998;273:24181-9. 

[87] Perez HD, Holmes R, Vilander LR, Adams RR, Manzana 
W, Jolley D, et al. Formyl peptide receptor chimeras define 



domains involved in ligand binding. J Biol Chem 
1993;268:2292-5. 

[88] Quehenberger O, Prossnitz ER, Cavanagh SL, Cochrane CG, 
Ye RD. Multiple domains of the N-formyl peptide receptor 
are required for high-affinity ligand binding. Construction 
and analysis of chimeric N-formyl peptide receptors. J Biol 
Chem 1993;268:18167-75. 

[89] Quehenberger O, Pan ZK, Prossnitz ER, Cavanagh SL, 
Cochrane CG, Ye RD. Identification of an N-formyl peptide 
receptor ligand binding domain by a gain-of-function ap- 
proach. Biochem Biophys Res Commun 1997;238:377-81. 

[90] Lala A, Gwinn M, De Nardin E. Human formyl peptide 
receptor function role of conserved and nonconserved 
charged residues. Eur J Biochem 1999;264:495-9. 

[91] Schreiber RE, Prossnitz ER, Ye RD, Cochrane CG, Bokoch 
GM. Domains of the human neutrophil N-formyl peptide 
receptor involved in G protein coupling. Mapping with recep- 
tor-derived peptides. J Biol Chem 1994;269:326-31. 

[92] Bommakanti RK, Bokoch GM, Tolley JO, Schreiber RE, 
Siemsen DW, Klotz KN. Reconstitution of a physical com- 
plex between the N-formyl chemotactic peptide receptor and 
G protein. Inhibition by pertussis toxin-catalyzed ADP ribo- 
sylation. J Biol Chem 1992;267:7576-81. 

[93] Bommakanti RK, Dratz EA, Siemsen DW, Jesaitis AJ. Ex- 
tensive contact between Gi2 and N-formyl peptide receptor of 
human neutrophils: mapping of binding sites using receptor- 
mimetic peptides. Biochemistry 1995;34:6720-8. 

[94] Schreiber RE, Prossnitz ER, Ye RD, Cochrane CG, Bokoch 
GM. Domains of the human neutrophil N-formyl peptide 
receptor involved in G protein coupling. J Biol Chem 
1994;269:326-31. 

[95] Prossnitz ER, Schreiber RE, Bokoch GM, Ye RD. Binding 
of low affinity N-formyl peptide receptors to G protein. 
Characterization of a novel inactive receptor intermediate. J 
Biol Chem 1995;270:10686-94. 

[96] Prossnitz ER, Quehenberger O, Cochrane CG, Ye RD. The 
role of the third intracellular loop of the neurtrophil N-for- 
myl peptide receptor in G protein coupling. Biochem J 
1993;294:581-7. 

[97] Miettinen HM, Gripentrog JM, Mason MM, Jesaitis AJ. 
Identification of putative sites of interaction between the hu- 
man formyl peptide receptor and G protein. J Biol Chem 
1999;274:27934-42. 
[98] Ferguson SS, Barak LS, Zhang J, Caron MG. G-protein-cou- 
pled receptor regulation: role of G-protein-coupled receptor 
kinases and arrestins. Can J Physiol Pharmacol 
1996;74:1095-110. 
[99] Luttrell LM, Daaka Y, Lefkowitz RJ. Regulation of tyrosine 
kinase cascades by G-protein-coupled receptors. Curr Opin 
Cell Biol 1999;11:177-83. 

[100] Oakley RH, Laporte SA, Holt JA, Barak LS, Caron MG. 
Association of beta-arrestin with G protein-coupled receptors 
during clathrin-mediated endocytosis dictates the profile of 
receptor resensitization. J Biol Chem 1999;274:32248-57. 

[101] Tardif M, Mery L, Brouchon L, Boulay F. Agonist-depen- 
dent phosphorylation of N-formylpeptide and activation pep- 
tide from the fifth component of C (C5a) chemoattractant 
receptors in differentiated HL60 cells. J Immunol 
1993;150:3534-45. 

[102] Prossnitz ER, Kim CM, Benovic JL, Ye RD. Phosphoryla- 
tion of the N-formyl peptide receptor carboxyl terminus by 
the G protein-coupled receptor kinase, GRK2. J Biol Chem 
1995;270:1130-7. 

[103] Pitcher JA, Freedman NJ, Lefkowitz RJ. G protein-coupled 
receptor kinases. Annu Rev Biochem 1998;67:653-92. 

[104] Prossnitz ER, Gilbert TL, Chiang S, Campbell JJ, Qin S, 
Newman W, et al. Multiple activation steps of the N-formyl 
peptide receptor. Biochemistry 1999;38:2240-7. 



104 



Y. Le et ah / Cytokine & Growth Factor Reviews 12 (2001) 91-105 



[105] Prossnitz ER. De sensitization of N-formylpeptide receptor- 
mediated activation is dependent upon receptor phosphoryla- 
tion. J Biol Chem 1997;272:15213-9. 

[106] Hsu MH, Chiang SC, Ye RD, Prossnitz ER. Phosphorylation 
of the N-formyl peptide receptor is required for receptor in- 
ternalization but not chemotaxis. J Biol Chem 
1997;272:29426-9. 

[107] Maestes DC, Potter RM, Prossnitz ER. Differential phospho- 
rylation paradigms dictate desensitization and internalization 
of the N-formyl peptide receptor. J Biol Chem 
1999;274:29791-5. 

[108] Bennett TA, Maestas DC, Prossnitz ER. Arrestin binding to 
the G protein-coupled N-formyl peptide receptor is regulated 
by the conserved 'DRY' sequence. J Biol Chem 
2000;32:24590-4. 

[109] Browning DD, Pan ZK, Prossnitz ER, Ye RD. Cell type- 
and developmental stage -specific activation of NF-kappaB by 
fMet-Leu-Phe in myeloid cells. J Biol Chem 1997;272:7995- 
8001. 

[110] Gao JL, Lee EJ, Murphy PM. Impaired antibacterial host 
defense in mice lacking the N-formylpeptide receptor. J Exp 
Med 1999;189:657-62. 

[Ill] Nara PL, Garrity RR, Goudsmit J. Neutralization of HIV-1: 
a paradox of humoral proportions. FASEB J 1991;5:2437-55. 

[112] Hattori T, Komoda H, Pahwa S, Tateyama M, Zhang X, Xu 
Y, et al. Decline of anti-DP107 antibody associated with clin- 
ical progression. AIDS 1998;12:657-9. 

[113] Ueda H, Howard OM, Grimm MC, Su SB, Gong W, Evans 
G, et al. HIV-1 gp41 is a potent inhibitor of chemoattractant 
receptor expression and function in monocytes. J Clin Invest 
1998;102:804-12. 

[114] Wang JM, Ueda H, Howard OM, Grimm MC, Chertov O, 
Gong X, et al. HIV-1 envelope gpl20 inhibits monocyte re- 
sponse to chemokines through CD4 signal-dependent 
chemokine receptor down-regulation. J Immunol 
1998;161:4309-17. 

[115] Oppermann M, Mack M, Proudfoot AE, Olbrich H. Differ- 
ential effects of CC chemokines on CC chemokine receptor 5 
(CCR5) phosphorylation and identification of phosphoryla- 
tion sites on the CCR5 carboxyl terminus. J Biol Chem 
1999;274:8875-85. 

[116] Olbrich H, Proudfoot AE, Oppermann M. Chemokine-in- 
duced phosphorylation of CC chemokine receptor 5 (CCR5). 
J Leukoc Biol 1999;65:281-5. 

[117] Aramori I, Ferguson SS, Bieniasz PD, Zhang J, Cullen B, 
Cullen MG. Molecular mechanism of desensitization of the 
chemokine receptor CCR-5: receptor signaling and internal- 
ization are dissociable from its role as an HIV-1 co-receptor. 
EMBO J 1997;16:4606-16. 

[118] Abramson JS, Wheeler JG. Virus-induced neutrophil dysfunc- 
tion: role in the pathogenesis of bacterial infections. Pediatr 
Infect Dis J 1994;13:643-52. 

[119] Valone FH, Payan DG, Abrams DI, Goetzl EJ. Defective 
polymorphonuclear leukocyte chemotaxis in homosexual men 
with persistent lymph node syndrome. J Infect Dis 
1984;150:267-71. 

[120] Meddows-Taylor S, Martin DJ, Tiemessen CT. Reduced ex- 
pression of interleukin-8 receptors A and B on polymor- 
phonuclear neutrophils from persons with human 
immunodeficiency virus type 1 disease and pulmonary tuber- 
culosis. J Infect Dis 1998;177:921-30. 

[121] Ellis M, Gupta S, Galant S, Hakim S, VandeVen C, Toy C, 
et al. Impaired neutrophil function in patients with AIDS or 
AIDS-related complex: a comprehensive evaluation. J Infect 
Dis 1988;158:1268-76. 



[122] Rogers J. Inflammation as a pathogenic mechanism in 
Alzheimer's disease. Arzneimittelforschung 1995;45:439-42. 

[123] Neur ©inflammatory Working Group. Inflammation and 
Alzheimer's disease. Neurobiol Aging 2000;21:383-421. 

[124] Nakai M, Hojo K, Taniguchi T, Terashima A, Kawamata T, 
Hashimoto T, et al. PKC and tyrosine kinase involvement in 
amyloid beta (25— 3 5) -induced chemotaxis of microglia. Neu- 
roreport 1998;9:3467-70. 

[125] Kopec KK, Carroll RT. Alzheimer's beta-amyloid peptide 1- 
42 induces a phagocytic response in murine microglia. J Neu- 
rochem 1998;71:2123-31. 

[126] Bonaiuto C, McDonald PP, Rossi F, Cassatella MA. Activa- 
tion of nuclear factor-kappa B by beta-amyloid peptides and 
interferon-gamma in murine microglia. J Neuroimmunol 
1997;77:51-6. 

[127] McDonald DR, Brunden KR, Landreth GE. Amyloid fibrils 
activate tyrosine kinase-dependent signaling and superoxide 
production in microglia. J Neurosci 1997;17:2284-94. 

[128] McGeer PL, McGeer E, Rogers J, Sibley J. Antiinflammatory 
drugs and Alzheimer's disease. Lancet 1991;335:1037. 

[129] Stewart WF, Kawas C, Corrada M, Metter EJ. Risk of 
Alzheimer's disease and duration of NSAID use. Neurology 
1997;48:626-32. 

[130] Rogers J, Kirby LC, Hempelman SR, Berry DL, McGeer PL, 
Kaszniak AW, et al. Clinical trial of indomethacin in 
Alzheimer's disease. Neurology 1993;43:1609-11. 

[131] Rich JB, Rasmusson DX, Folstein MF, Carson KA, Kawas 
C, Brandt J. Nonsteroidal anti-inflammatory drugs in 
Alzheimer's disease. Neurology 1995;45:51-5. 

[132] Mackenzie IR, Munoz DG. Nonsteroidal anti -inflammatory 
drug use and Alzheimer- type pathology in aging. Neurology 
1998;50:986-90. 

[133] Dzenko KA, Weltzien RB, Pachter JS. Suppression of A 
beta-induced monocyte neurotoxicity by antiinflammatory 
compounds. J Neuroimmunol 1997;80:6-12. 

[134] Lim GP, Yang F, Chu T, Chen P, Beech W, Teter B, et al. 
Ibuprofen suppresses plaque pathology and inflammation in a 
mouse model for Alzheimer's disease. J Neurosci 
2000;20:5709-14. 

[135] El Khoury J, Hickman SE, Thomas CA, Cao L, Silverstein 
SC, Loike JD. Scavenger receptor-mediated adhesion of mi- 
croglia to beta-amyloid fibrils. Nature 1996;382:716-9. 

[136] Yan SD, Chen X, Fu J, Chen M, Zhu H, Roher A, et al. 
RAGE and amyloid-beta peptide neurotoxicity in Alzheimer's 
disease. Nature 1996;382:685-91. 

[137] Liu Y, Dargusch R, Schubert D. Beta amyloid toxicity does 
not require RAGE protein. Biochem Biophys Res Commun 
1997;237:37-40. 

[138] Huang F, Buttini M, Wyss-Coray T, McConlogue L, Ko- 
dama T, Pitas RE, et al. Elimination of the class A scavenger 
receptor does not affect amyloid plaque formation or neu- 
rodegeneration in transgenic mice expressing human amyloid 
protein precursors. Am J Pathol 1999;155:1741-7. 

[139] Lorton D. Beta-amyloid-induced IL-1 beta release from an 
activated human monocyte cell line is calcium- and G- 
protein-dependent. Mech Ageing Dev 1997;94:199-211. 

[140] Peyrin JM, Lasmezas CI, Haik S, Tagliavini F, Salmona M, 
Williams A, et al. Microglial cells respond to amyloidogenic 
PrP peptide by the production of inflammatory cytokines. 
Neuroreport 1999;10:723-9. 

[141] Silei V, Fabrizi C, Venturini G, Salmona M, Bugiani O, 
Tagliavini F, et al. Activation of microglial cells by PrP and 
beta-amyloid fragments raises intracellular calcium through 
L-type voltage sensitive calcium channels. Brain Res 
1999;818:168-70. 

[142] Herms JW, Madlung A, Brown DR, Kretzschmar HA. In- 
crease of intracellular free Ca 2+ in microglia activated by 
prion protein fragment. Glia 1997;21:253-7. 



Y. Le et ah / Cytokine & Growth Factor Reviews 12 (2001) 91-105 



105 



[143] Combs CK, Johnson DE, Cannady SB, Lehman TM, Lan- 
dreth GE. Identification of microglial signal transduction 
pathways mediating a neurotoxic response to amyloidogenic 
fragments of beta-amyloid and prion proteins. J Neurosci 
1999;19:928-39. 

[144] Prusiner SB. Prions. Proc Natl Acad Sci USA 
1998;95:13363-83. 



[145] Perry VH, Bolton SJ, Anthony DC, Betmouni S. The contri- 
bution of inflammation to acute and chronic neurodegenera- 
tion. Res Immunol 1998;149:721-5. 

[146] Brown DR, Kretzschmar HA. Microglia and prion disease: a 
review. Histol Histopathol 1997;12:883-92. 

[147] Leuba G, Saini K, Savioz A, Charnay Y. Early-onset familial 
Alzheimer disease with coexisting (3-amyloid and prion 
pathology. J Am Med Assoc 2000;283:1689-91. 



